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Abstract. For some years now, massive problems are often occurring when operating standard 

flow cryostats with pumped liquid helium. There are a large number of reports from various parts 

of the world, describing blockage problems arising typically within a few hours. Standard 

equipment for measuring material properties at temperatures below 4.2 𝐾 is massively affected. 

Hydrogen contamination within the used liquid helium could be identified as direct cause. With 

helium evaporating in the narrow throttling passages, hydrogen in solid state accumulates and is 

forming blockages. Usually internal capillaries or inlet valves are concerned. In consequence, 

the helium flow is reduced or ceasing completely, the operating temperature of the cryostat can’t 

be upheld, and the measurement run must be interrupted. Extremely low concentrations in the 

sub-ppm range are sufficient to block the helium flow within a few hours of operation. This 

contribution contains first quantifications regarding these contamination. A semi-quantitative 

analysis method using a narrow flow resistor, as well as gas chromatographic investigations led 

to new findings. Effects within the liquid helium supply that give rise to the problem were 

scrutinized. The collected results should lead to an understanding and to feasible solutions of the 

problem.  

Keywords. Liquid helium, Hydrogen contamination, Flow cryostat, Blockage of capillaries, 

Blockage of valves, Solubility of hydrogen in liquid helium 

1.  Introduction 

Liquid helium is used in cryogenic laboratories worldwide. Here, for example, it is utilized in cryostats 

to measure physical properties at low temperatures. At normal pressure liquid helium has a saturation 

temperature of  𝑇𝑠 𝐻𝑒 = 4.2 𝐾. If lower temperatures are required, this can be achieved by pressure 

reduction. For this purpose, cryostat internal narrow throttling passages (capillaries) or throttling valves 

are used. During the through-flow the pressure of the helium is lowered, the saturation temperature 

decreases accordingly and evaporative cooling down to 𝑇 < 1.8 𝐾 can be realized. Blockage problems 

have been occurring at this point for several years now. Hydrogen precipitates in solid form during the 

helium evaporation and accumulates at the throttle location. Figure 1 illustrates the principle of such a 

cryostat and of the blockage formation. Depending on the operation parameters, this leads to a blockage 

of the capillary or the valve after a few hours. As early as 2005, German helium users addressed this 

issue to our chair. In the meantime, a large number of cases have been reported in Europe. Ikeda et al. 

[1] report from affected institutes in Asia and refer to hydrogen as the cause. Optimizations of the 

internal adsorption purifier of a small existing liquefaction plant were presented as a remedial attempt. 

In 2014, Decker et al. [2] considered the existence of neon and hydrogen as possible impurities in a 

redesign of the internal purification system of liquefiers. 
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Most of the literature is published by the Spanish University of Zaragoza. The PhD thesis of Dr. Miguel 

Gabal Lanau [3] describes the development of a cryocondensation purifier for helium gas, together with 

the company Quantum Design. However, the separation of hydrogen by this system is based on the use 

of getter materials. For the first time, Gabal et al. ([4], [5], [6] and [7]) describe the blockage effect, 

demonstrate the detection of hydrogen in liquid helium with a detection tool that uses a strong flow 

resistor. Furthermore, the cryocondensation purifier in connection with cryocooler-based small helium 

liquefier was introduced. 

 

 

Figure 1. Through a narrow throttling 

passage (capillary) liquid helium (𝐿𝐻𝑒) 

is driven into a vacuum chamber. Due to 

the pressure reduction the helium 

evaporates and a temperature of e.g. 

2.2 𝐾 at ≈ 50 𝑚𝑏𝑎𝑟 is reached in the 

chamber. Within the capillary, hydrogen 

separates from the two phase helium flow 

and accumulates as a solid phase (𝑆𝐻2) 

on the inner walls. This creates a solid, 

clogging block and the function of the 

cryostat fails. 

 

In the present work, it is first verified whether hydrogen is plausible as a cause. A macroscopic model 

is presented which should provide an understanding of the helium/hydrogen system. A calculation of 

solubility is introduced, as well as the related challenges. A quantification of the hydrogen contamination 

is achieved by gas chromatographic measurements. Exemplary results for the detection of hydrogen, 

generated with the mentioned detection tool of the University of Zaragoza, are shown. 

2.  Plausibility of hydrogen as direct cause 

The question arises whether hydrogen impurities are clearly the reason for the observed phenomena. A 

strong indication for this is that a blockage that has occurred can be eliminated by warming up the 

affected throttling location to 𝑇 = 20. . .30 𝐾. The melting and evaporation line of hydrogen begins at 

𝑇𝑡 𝐻2
≈ 14 𝐾 (triple point). This fits to the observed dissolution of a solid hydrogen accumulation in the 

mentioned temperature range. Another conceivable contamination which could have a similar behaviour 

in said temperature range is neon (𝑇𝑡 𝑁𝑒 ≈ 24.5 𝐾). However, Gabal et al. were able to show by the 

controlled initiation and dissolution of a blockage under laboratory conditions that the dissolution takes 

place at a temperature just above the triple point of hydrogen ([3], [4]). Moreover, a peak at mass number 

2 could be detected mass spectrometrically at the moment of blockage dissolution in the off-gas stream. 

Neon can therefore be excluded as primary cause. In addition, it must be checked whether the observed 

blockage times are plausible. In everyday laboratory work, total blockages occur after one to a few 

hours. A simple calculation approach is used for the plausibility check. A common capillary diameter 

is 66 𝜇𝑚. The inner helium stream transports hydrogen, which separates at the inner walls of the 

capillary. It is the time to be calculated that is needed to build a solid hydrogen cylinder that height is 

twice the diameter (Figure 2, left). The required time is a function of the helium volume flow and the 

hydrogen concentration contained. The diagram in Figure 2 shows the calculated results. The duration 

of a full blockage 𝛥𝑡 in function of the helium volume flow  𝑉̇𝐺𝐻𝑒 is given. The time frame of the 

blockage duration in the affected institutes is also shown. Three cases are plotted, based on the 

measurements achieved so far (see sections 3 and 4). It is assumed that all present hydrogen freezes out 

and thus serves to establish the blockage cylinder. The three cases cover the measured contents                  

 𝑥𝐻2
= 440 𝑝𝑝𝑏𝑣𝑜𝑙, 𝑥𝐻2

= 200 𝑝𝑝𝑏𝑣𝑜𝑙 and 𝑥𝐻2
= 130 𝑝𝑝𝑏𝑣𝑜𝑙  (𝑝𝑝𝑏𝑣𝑜𝑙:  volumetric parts per billion, 

× 10−9). 

𝐿𝐻𝑒

 𝐻𝑒

4.2𝐾  1000 𝑚𝑏𝑎𝑟

2.2𝐾   50 𝑚𝑏𝑎𝑟

𝑆𝐻2
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Figure 2. Left: Scheme of the blockage build up. In the capillary through which the helium flow 

passes, all hydrogen contamination will freeze out and form a cylindrical solid block. Right: The 

diagram shows the results based on a simple calculation model. The curves show the duration of 

the blockage build up. 

It can be seen that the calculated blockages over a wide volume flow range do not overlap with the 

observed timeframe, but occur much faster. In fact, it becomes clear that extremely small amounts of 

hydrogen are capable of forming a suitable block. If only 10 % of the measured hydrogen quantity 

participates in the blockage, the model would provide the observed times. 

 

3.  System Helium/Hydrogen 

For understanding of the helium/hydrogen phenomena here, a model was figured out. According to the 

model, liquid helium contains both dissolved and crystalline hydrogen. Measured values exist, which 

give the scales to be expected. Furthermore, the results of a calculation method are presented. 

3.1.  Macroscopic model 

A macroscopic perspective of the behaviour of hydrogen contamination in liquid helium is adequate. 

Figure 3 illustrates a helium reservoir contaminated with hydrogen under normal pressure. It is subject 

to gravity and a stable temperature stratification is established. The reservoir consists of a liquid phase 

at the bottom and a gas phase above. Moreover, it is divided into three different temperature ranges. The 

upper range starts at any temperature 𝑇 > 𝑇𝑡 𝐻2
 and extends to the triple point temperature of hydrogen 

(𝑇𝑡 𝐻2
= 14 𝐾). A simple gas mixture is present in this area.  

 

The second range starts at the triple point temperature of the hydrogen and ends at the surface of the 

liquid helium at saturation temperature (𝑇𝑠 𝐻𝑒 = 4.2 𝐾). In this range, macroscopic quantities of 

hydrogen strive to become solid. Smallest crystals are formed together with other near molecules. If 

these find their way to the liquid helium surface, these adhere to the surface and can form floating 

accumulations together with other crystals. Solid hydrogen with a density of 𝜌𝑆𝐻2
= 86𝑘𝑔 𝑚3⁄  [8] is 

the only solid with a lower density than liquid helium (𝜌𝐿𝐻𝑒 = 125 𝑘𝑔 𝑚3⁄ ) [9]. An experiment carried 

out by the University of Zaragoza shows the formation of floating hydrogen “boats”. It can be presumed 

that hydrogen molecules are also striving to remain in this cold region due to the higher density. 
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Figure 3. Model for the visualization of the macroscopic system helium/hydrogen. The model is 

divided into three temperature ranges in which the hydrogen behaves differently. Gas 

chromatographic analyses in various positions of the vertical axis support the concept. 

 

The third region represents the liquid helium at 𝑇𝐿𝐻𝑒 ≤ 4.2 𝐾. Hydrogen exists in a dissolved state and 

in a solid crystalline state. These smallest crystals originate from the hydrogen adhering to the phase 

boundary. 

3.2.  Gas chromatographic analysis on a transport dewar 

A critically contaminated liquid helium filling from a 100 liter transport dewar was analysed by gas 

chromatography at various points. The helium was liquefied from the liquefier operated by the 

university.  

 

The results are also shown in Figure 3.  In the cold gas phase (𝑇 < 𝑇𝑡 𝐻2
), values slightly 

higher 200 𝑝𝑝𝑏𝑣𝑜𝑙 have been found. These two measurements at a height of 60  𝑚 and respectively 

30  𝑚 above the phase boundary show the same range. In the cold gas near the phase boundary            

(ℎ = 15  𝑚), there is an increase in concentration. A value of 𝑥𝐻2
= 576 𝑝𝑝𝑏𝑣𝑜𝑙 was measured here. 

This is a good indication that hydrogen is "captured" in the very cold region. A particularly high 

concentration directly at the phase boundary (due to floating solid hydrogen) has not yet been verified. 

Three measurements were carried out in the liquid phase. These also are in a stable range. The 

values 𝑥𝐻2
= 118 𝑝𝑝𝑏𝑣𝑜𝑙, 𝑥𝐻2

= 121 𝑝𝑝𝑏𝑣𝑜𝑙 and 𝑥𝐻2
= 142 𝑝𝑝𝑏𝑣𝑜𝑙  were found (𝑥̅𝐻2

= 130 𝑝𝑝𝑏𝑣𝑜𝑙).  

 

The values give an idea of the actual contamination magnitude. They cannot be interpreted as a solubility 

limit. For this it is necessary to exclude the possible presence of crystalline hydrogen in the liquid. 

Furthermore, the calibration of the detectors in this value range must be closely examined. Different 

calibration standards from institute to institute cause different interpretations of the contents. This is 

particularly problematic in the analysis of trace gases, such as in this case. Measurements (section 4) on 

a liquid phase with a different standard yielded values of 𝑥𝐻2
= 200 𝑝𝑝𝑏𝑣𝑜𝑙 and 𝑥𝐻2

= 440 𝑝𝑝𝑏𝑣𝑜𝑙. 

𝑇𝑡 𝐻2
= 14 𝐾

𝑇𝑠 𝐻𝑒 = 4.2 𝐾

𝑇 < 𝑇𝑠 𝐻𝑒

𝑇 > 𝑇𝑡 𝐻2

𝑔

𝐻2 solid,

floating

𝐻2 solid

𝐻2

Legend

𝑝 = 1000 𝑚𝑏𝑎𝑟

molecular

ℎ = 0

ℎ = 15  𝑚

ℎ = 30  𝑚

ℎ = 60  𝑚

ℎ =  15  𝑚

237 𝑝𝑝𝑏𝑣𝑜𝑙

212 𝑝𝑝𝑏𝑣𝑜𝑙

576 𝑝𝑝𝑏𝑣𝑜𝑙

118 𝑝𝑝𝑏𝑣𝑜𝑙

121 𝑝𝑝𝑏𝑣𝑜𝑙

142 𝑝𝑝𝑏𝑣𝑜𝑙

measuring 

position  :

measured 

value    
:
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3.3.  Calculation of solubility limit 

Probably, dissolved and crystalline hydrogen can coexist in liquid helium and are extremely hard to 

distinguish. A calculation of the solubility limit is a first step in estimating the proportions. The Regular 

Solution Theory (RST) is used for this purpose. It is based on the equilibrium of the chemical potentials 

of the different phases of a component in the solvent at constant temperature ([10], [11]): 

 

l 𝑥𝑖
𝐿 =  

Δ𝐻𝑓 𝑚,𝑖(𝑇𝑓,𝑖)

𝑅𝑇
(1  

𝑇

𝑇𝑓,𝑖  
)  

Δ 𝑝 𝑚,𝑖
𝑆→𝐿

𝑅
(1  

𝑇𝑓,𝑖

𝑇 
) +

Δ 𝑝 𝑚,𝑖
𝑆→𝐿

𝑅
l 

𝑇

𝑇𝑓,𝑖  
 l 𝛾𝑖

𝐿 (1) 

 

The concentration content 𝑥 of a component 𝑖 in the solubility equilibrium is primarily dependent on the 

molar heat of fusion of the substance at the melting point Δ𝐻𝑓 𝑚,𝑖(𝑇𝑓,𝑖). This first term describes the 

ideal solubility behavior. The calculation can now be extended by the change of the heat capacity 

between solid and liquid state Δ 𝑝 𝑚,𝑖
𝑆→𝐿 . The term, depending on the activity coefficient 𝛾𝑖

𝐿, completes the 

calculation method. The activity coefficient includes the interaction between the molecules. Prausnitz 

et al. [11] describe the calculation of the activity coefficient by means of the solubility parameter 𝛿. This 

provides a good estimate of the behavior of non-polar atomic bonds, formula (2). 

 

𝑅𝑇  l 𝛾𝑖
𝐿 = 𝑉𝑚,𝑖

𝐿 𝜙𝑗
2 (𝛿𝑖  𝛿𝑗)

2
+ 2𝑙𝑖𝑗𝛿𝑖𝛿𝑗  (2) 

 

The equation is further dependent on the molar volume of the solute 𝑉𝑚,𝑖
𝐿  and the volume fraction of the 

solvent 𝜙𝑗. In addition, a binary adjustment parameter 𝑙𝑖𝑗 can be introduced, which is based on 

measurements. So far, this parameter is unknown. Figure 4 shows the results.  

 

 

Figure 4. The diagram gives the results of the application of the Regular Solution Theory (RST). It 

shows the concentration content in the calculated equilibrium as a function of the liquid helium 

temperature range. 

As expected, the equilibrium decreases with temperature reduction. The solid line describes the ideal 

solubility with the addition of the activity coefficient 𝛾𝐻2
. At 𝑇𝑠 𝐻𝑒 = 4.2 𝐾 the calculation results in 

𝑥𝐻2
= 8 𝑝𝑝𝑏𝑣𝑜𝑙. If the entire RST is applied, including activity coefficient and changes of the heat 
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capacity Δ 𝑝 𝑚,𝑖
𝑆→𝐿 , the curve is corrected upwards by a factor of greater than 3 at the normal boiling point 

(𝑥𝐻2
= 26 𝑝𝑝𝑏𝑣𝑜𝑙). In the literature can be found the application of the RST by Jewell and McClintock 

from 1979 [12], which is presented for comparison. The differences are caused by a less precise 

parameterization of the model. In addition, the changes in heat capacity are not taken into account. 

 

Values in the range of a few hundred 𝑝𝑝𝑏𝑣𝑜𝑙 were measured. To represent these values in the calculation, 

the binary adjustment parameter must be set in the range from 𝑙𝑖𝑗 =  0.1 to  0.2. Experience has 

shown that these values for 𝑙𝑖𝑗 are one order of magnitude too high. A method has to be found which 

makes it possible to exclude the existence of crystalline hydrogen in liquid helium. 
 

 

4.  Gas chromatographic investigations on a small scale liquefier 

In order to gain an understanding of the contamination processes in a liquefier, further gas 

chromatographic investigations were carried out. The university operates a liquefier that supplies critical 

contaminated liquid helium (TCF 20 from Linde with a capacity of 27 liters per hour and a stationary 

2500 liter dewar). The system was sampled at two different operating points. To the one after a plant 

downtime of about 72 hours, on the other after a continuous plant operation of about 72 hours. Samples 

were taken from the buffer tank of the Claude process, from the gas phase of the stationary dewar, and 

from the liquid phase of the dewar. In Table 1 the results are shown. 
 

 

Table 1. Results of gas chromatographic analyses on the helium liquefier (Linde-TFC20) of the 

Technische Universitaet Dresden (𝑝𝑝𝑚𝑣𝑜𝑙: volumetric parts per million, × 10−6). 

 After plant downtime 

of ≈ 72ℎ 
 

𝑥𝐻2
    (𝑝𝑝𝑚𝑣𝑜𝑙) 

 

After plant operation 

of ≈ 72ℎ 
 

𝑥𝐻2
    (𝑝𝑝𝑚𝑣𝑜𝑙) 

After plant downtime 

of ≈ 72ℎ 
 

𝑥𝐻2
    (𝑝𝑝𝑚𝑣𝑜𝑙) 

Buffer tank 0.27 0.09  

Gas phase @ stationary dewar 12.1 0.05 0.02 

Liquid phase  @ stationary dewar 0.44 0.20  

 
 

With one exception, the contamination levels are in the range of a few tens to several hundred 𝑝𝑝𝑏𝑣𝑜𝑙 . 

The buffer tank is three times more contaminated after a longer downtime of the plant than after an 

extended operating time. In the liquid phase of the stationary dewar, the value is more than doubled. 

Different in the gas phase of the dewar, here a value three orders of magnitude larger was found 

(12.1 𝑝𝑝𝑚𝑣𝑜𝑙). To confirm this high value, the gas phase was sampled again after another downtime of 

the plant. The second measurement showed a value of 0.02 𝑝𝑝𝑏𝑣𝑜𝑙 , so that it can be assumed that the 

gas phase was only that highly contaminated for a limited time. 

 

From the measurements it can be seen that the internal purifying (particularly the 20 𝐾 carbon adsorber) 

is able to clean the helium to a large extent. The low values in the second column show this. From the 

high value it can be concluded that the warmed adsorber (shortly after the system has been stopped) 

releases the hydrogen. This then finds its way into the stationary dewar. 

 

This hypothesis can help to understand why plants become more and more contaminated with time. The 

hydrogen is bound in the plants and remains. By substituting lost helium, additional hydrogen is 

introduced and accumulates until a critical limit is reached. 
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5.  Use of a detection tool 

The University of Zaragoza has developed a method for the rapid detection of critical quantities of 

hydrogen in liquid helium [3]. For this purpose, the blockage effect (see introduction) is reproduced in 

a particular manner. In order to achieve the effect, a flow resistor with an average channel diameter of 

5 𝜇𝑚 was developed. To produce such a resistor, a focused ion beam is used to incorporate a 

corresponding channel into a very small sized copper platelet. 

 

In order to test liquid helium, the resistor is immersed in the liquid by means of an assembly. It has to 

be pumped through the narrow channel by aid of a vacuum pump. The helium evaporates due to the 

resistance. If the helium is critically contaminated, the described blockage occurs within a few minutes. 

To detect this, it is necessary to measure the pressure of the pumped helium during the experiment. Two 

different cases are illustrated in Figure 5.  
 

 
Figure 5. The dotted line indicates a low pressure loss due to the flow resistor. The solid line represents 

a large pressure loss due to a hydrogen blockage inside the resistor (measurement performed at 

Technische Universitaet Dresden). 

 

The diagram shows the measurement of the pressure over the measurement time. In the beginning, both 

curves show the evacuating of the assembly. Gaseous helium flows through the resistor. The vacuum 

pump used achieves a negative pressure of 𝑝 ≈ 1  10−2 𝑚𝑏𝑎𝑟. At minute 8, the resistor is immersed in 

uncritically contaminated helium (dotted line). The higher viscosity of the liquid helium reduces the 

pressure loss. Now more helium flows through the resistor and a higher pressure is set behind. This 

pressure level of 𝑝 ≈ 4.3  10−1 𝑚𝑏𝑎𝑟 remains stable. This means that the resistor is not influenced and 

no blockage is occurred. 

 

The second case describes the test with contaminated liquid helium (solid line). At minute 20, the resistor 

is immersed in the liquid helium. Again the pressure rises due to the reduced pressure loss caused by the 

lower viscosity. In difference to the first case, the formation of a hydrogen blockage begins at the next 

moment. The pressure loss increases and thus the measured pressure decreases. The negative pressure 

reaches 𝑝 ≈ 4.4  10−2 𝑚𝑏𝑎𝑟 after 3 minutes. This is the maximum negative pressure that the used 

vacuum pump can generate. It can be stated, the resistor is fully blocked by solid hydrogen. 
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6.  Conclusion 

The problem of the failure of helium flow cryostats to provide cooling capacity below 4.2 𝐾 was widely 

investigated. There is evidence that hydrogen impurities in liquid helium are responsible for this 

problem. Extremely low contents in the range of a few hundred 𝑝𝑝𝑏𝑣𝑜𝑙 in liquid helium were detected 

by measurement. These traces of hydrogen are more than enough to cause a blockage inside the 

cryostats. A calculation of the solubility equilibrium using the Regular Solution Theory shows that the 

equilibrium is probably even a factor lower. It can be assumed that besides dissolved hydrogen, solid 

crystalline hydrogen can also exist in liquid helium. Measurements in the helium reservoir show an 

inhomogeneous concentration distribution beyond the phase boundary over a wide temperature range in 

the gaseous helium phase. The hypothetical behavior of hydrogen in the cryogenic helium regime has 

been summarized using a macroscopic visualization model. Investigations carried out on a liquefier help 

to understand the contamination process. Furthermore, the function of a detection method of the 

University of Zaragoza was successfully demonstrated. 
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